pling between lakes and their drainage basin has been used in many studies using sediment records as natural archives to study, for example, climate, landscape development, and land use (Wright, 1964; Engstrom and Wright, 1984; Koinig et al., 2003; Mourier et al., 2010; . However, under more arid conditions (i.e., where evapotranspiration exceeds precipitation) the runoff from the drainage basin will be small, and thus, erosion and particulate matter transport will be limited. If the dry conditions are combined with a considerable supply of wind-eroded material-for example, due to high winds and sparse vegetation cover-direct deposition might become
A B S T R A C T
In proglacial landscapes, such as western Greenland, eolian transport plays an important role for the influx of particulate material to lakes. On the basis of an analysis of a sediment profile and surface sediments from several lakes, we show that eolian activity has a strong influence on sediment deposition in time and space. Principal component analysis revealed that sediments that accumulated during periods with high eolian activity were enriched in zirconium-originating from coarse silt and sand fractions preferentially transported by wind-and depleted in rubidium. In addition, zirconium to rubidium ratios in the surface sediment of four additional lakes decreased with distance from the ice sheet. Finally, previously published data show that pH and alkalinity tend to be higher in lakes close to the front of the ice sheet, which we speculate is coupled to a larger supply of fresh eolian material. These findings demonstrate that lakes in proglacial landscapes may receive a substantial part of their sediment load through eolian deposition, and that this is especially true close to the glacial outwash plains along the ice margin.
an important source of particulate material (Harrison et al., 2001; An et al., 2011) .
One environment where eolian transport has the potential to be an important transport mechanism is in cold and arid regions close to an active ice sheet. An active ice sheet, as well as larger glaciers, produces large amounts of silt-sized mineral particles that can be transported in suspension by wind (Bullard and Austin, 2011) . The area around Kangerlussuaq in western Greenland has such a cold and arid climate where eolian transport is an important mechanism for particulate matter transport (Dijkmans and Törnqvist, 1991) . Both sand-dune profiles (Willemse et al., 2003) and lake sediment records (Eisner et al., 1995; Perren et al., 2012; Olsen et al., 2013) have shown that the extent of eolian transport has varied over time, largely in pace with climate and the movements of the front of the ice sheet. However, for two reasons there is a need for further studies of how eolian activity affects a lake and its sediment. First, previous sediment studies have mainly used loss-on-ignition (LOI; i.e., the ratio between organic and inorganic material) to assess the patterns in eolian activity. Because many other processes also affect the LOI content, it is a relatively crude proxy for eolian activity. This is especially true close to the present-day margin of the ice sheet where movements of the front of the ice sheet can drastically affect, for example, hydrological flow paths that control the transport of particulate mineral material (Briner et al., 2011; Kelley et al., 2012; Levy et al., 2012; Carrivick et al., 2013) . Second, because the main objective of the previous studies has been to use the record of eolian activity to understand how the climate has changed in the area, these studies did not consider the potential effects of eolian material on the lake itself (Psenner, 1999) .
The aim of the present study was to investigate the geochemical composition in the sediments of Two-Boat Lake (TBL), western Greenland, in order to determine if and how variations in eolian activity have influenced the geochemical composition of the sediment (TBL is also know as Lake SS903; Sobek et al., 2014) . In addition to a downcore sediment profile from Two-Boat Lake, we used surface sediment samples from four additional lakes ( Fig. 1) to assess how the potential influence of eolian material on the sediment geochemistry varies depending on distance from the ice sheet. Two-Boat Lake is currently the main focus of an extensive drainage basin-scale ecosystem study (Clarhäll, 2011; Johansson et al., 2015a; Johansson et al., 2015b) , and both the geochemical record in general, and the eolian record in particular, will be vital information to place the present-day conditions into a longer time perspective and when creating scenarios for future landscape development (Lindborg et al., 2013) .
Study AreA

Regional Setting
The bedrock in the study area is dominated by gneisses (van Gool et al., 1996) . The region has a continental climate (Low Arctic to subarctic) due to stable high-pressure cells over the ice sheet, and the predominant wind direction for the area is from east to southeast (Rott and Obleitner, 1992; van den Broeke et al., 1994; van den Broeke and Gallee, 1996) . Mean annual temperature for the area is -5.1 °C, ranging from -9.1 to -0.3 °C (1977 -2011 Cappelen, 2012) , and mean annual precipitation is 173 mm yr -1 , of which ~40% falls as snow (data corrected for wind and adhesion losses) (Johansson et al., 2015a (Johansson et al., , 2015b .
About 10,000 years ago the ice sheet covered western Greenland all the way to the present-day coastline about 120 km west of Kangerlussuaq (Fig. 1) . About 6000 years ago the ice front had receded to its present position, and over the following 2000 years it receded even farther to the east. During the glacial minimum, it was likely located at least 10 km further inland as compared to its present position. From this minimum some 4000 years ago, the ice has readvanced (Funder, 1989; van Tatenhove et al., 1996) .
The Kangerlussuaq area is highly influenced by eolian activity. This is most evident in the two river valleys, Sandflugtdalen and Ørkendalen, but the whole area is covered by a thick loess deposit, which has largely been stabilized by vegetation (Dijkmans and Törnqvist, 1991; Willemse et al., 2003) . The eolian activity is considered to be source limited, and to be highest during the winter months when wind strengths generally are higher (Rott and Obleitner, 1992; Johansson et al., 2015a Johansson et al., , 2015b ; however, in winters snow might also decrease the availability of erodible material (Bullard and Austin, 2011) .
Two-Boat Lake
Two-Boat Lake (67°7′44″N, 50°10′23″W) is a dimictic lake located about 26 km east of Kangerlussuaq, at an altitude of about 335 m a.s.l., which places the lake about 1 km from the current front of the inland ice sheet (Fig. 1) . It is 29.9 m deep, has a surface area of 37 ha, and has a lake-to-drainage basin ratio of about 1:4. Annual mean lake water pH, conductivity, and total organic carbon (TOC) concentrations are 8.1, 127 μS cm
, and 8 mg L -1 , respectively (averages of 3 years of measurements in April, June, and August). The oxygen concentration in the bottom waters was 1.3, 1.8, and 3.6 mg L -1 in April 2011 April , 2013 April , and 2014 in August the oxygen concentration was higher, 5.4, 5.9, and 9.2 mg L -1 for 2011, 2012, and 2013 (measured using an In-Situ Multi-parameter Troll 9500). Even if the area is dry, the water balance in Two-Boat Lake is positive. Hydrological modeling for the past 37 years shows that there is an outflow from the lake in about 70% of the years, that between-year variation in lake water level is 0.7 m, while within-year variation in lake water level is less than 0.25 cm (Johansson et al., 2015b) . The predominant wind direction is from the southeast, and the strongest winds occur during winter (Johansson et al., 2015a) .
The deeper Quaternary deposits around TwoBoat Lake consist of till and glaciofluvial material, which are largely overlain by younger, 30-40 cm thick, deposits of eolian silt-fine sand (Table 1; Fig.  2 ; Willemse et al., 2003) . The eolian deposits are partly eroded by the wind, exposing patches of the underlying till or bedrock. There are limited signs of erosion due to running water, and overland flow is restricted to the snowmelt period. Some lowlying areas have wetter soil conditions and the eolian deposits can here be classified as peaty silt due to an enrichment of organic material. Permanently frozen conditions (permafrost) prevail in the area, and thus, chemical and physical soil processes are mostly limited to the uppermost active layer. Furthermore, soil development is limited due to the dry conditions and the young landscape age, and there are only limited indications of solifluction on some north-facing slopes.
MethodS
Sample Collection
The sediment profile of Two-Boat Lake was retrieved from the deepest part of the lake in spring 2011 using an HTH-gravity corer (Renberg and Hansson, 2008) for the uppermost 40 cm and a piston corer (Chambers and Cameron, 2001 ) for deeper sediment layers (Fig. 2) . The two cores were taken with an approximate 30 cm overlap and were later aligned using the loss-on-ignition (550 °C) profiles (Heiri et al., 2001 ). The gravity core was subsectioned into 0.5 cm slices in the field, while the piston core was transported to the laboratory, opened, and subsectioned into 1 cm slices. Known sample volumes were freezedried and weighted to determine bulk density. In August 2011, a second gravity core was retrieved from the same location as the initial core; this core was subsectioned in 1 cm slices and used for lead-210 dating ( 210 Pb). In addition to the long sediment profile from Two-Boat Lake, we have analyzed surface sediments from four additional lakes: Lake A (67°9′58″N, 51°26′53″W), Lake E (67°3′43″N, 51°7′41″W), Lake G (67° 3′25″N, 51°12′58″W), and Lake K (67°2′42″N, 50°9′58″W; Fig. 1 ; Table  2 ). Sampling of the additional lakes was done in 2000 using an HTH-gravity corer, and the sediments of Lakes A, E, and G have been used in several previously published studies concerning organic and metal pollutants (Bindler et al., 2001; Malmquist et al., 2003; Lindeberg et al., 2006) . In the present study, we have only analyzed the bulk geochemical composition of the top 1-2 cm of the sediment from these lakes. All samples, both from Two-Boat Lake and the additional lakes, were freeze-dried and powdered using a Retsch Swing-mill (30 Hz, 2 min) prior to analysis. In the upper part of the record, the sample resolution for all analyzed sediment variables varied between 1 and 2.5 cm. In the lower part of the record (i.e., below 24 cm sediment depth), the sample resolution was 2 cm.
In the summer of 2012, we also collected a soil sample from Sandflugtdalen and an eolian deposit at Two-Boat Lake. These samples were dried and sieved to obtain the 0-35, 35-63, and 63-125 μm fractions. The subsamples were then pulverized using a Retsch Swing mill (30 Hz, 2 min) and analyzed using WD-XRF (see below). Pb inventories for each sediment section, which in turn were used for age-depth modeling using a constant rate of supply model (CRS; Appleby, 2008) .
Chronology of the Two-Boat Lake Sediment Core
Macrofossils suitable for AMS 14 C dating were separated from the bulk sediment by wet sieving. Plant remains were pretreated with 1M HCl at 80 °C for 1 hour, 1M NaOH at 80 °C for at least 3 hours, and lastly 1M HCl at 20 °C overnight. The samples were combusted to CO 2 in sealed evacuated quartz tubes containing CuO. For radiocarbon dating, the CO 2 was converted to graphite with the H 2 reduction method (Vogel et al., 1984) , and radiocarbon was measured at the 14 CHRONO Centre, Queen's University Belfast. All ages were reported as conventional 14 C dates in 14 C yr B.P. (Stuiver and Polach, 1977) . The 210 Pb and 14 C dates were combined to a single age-depth model, and calibrated ages were obtained using the P_sequence in OxCal version 4.1 (Bronk Ramsey, 2008) using the calibration curve IntCal09 (Reimer et al., 2009 ). Calibrated ages are quoted as cal yr B.P. (i.e., calibrated years before A.D. 1950).
Total Concentration and Isotopic Composition of Carbon and Nitrogen
Total concentrations and isotopic composition of carbon (C) and nitrogen (N) were determined simultaneously using an elemental analyzer (Flash EA 2000, Thermo Fisher Scientific) coupled with an isotope-ratio mass spectrometer (Delta V, Thermo Fisher Scientific). In order to remove any carbonates from the samples, they were fumigated with concentrated HCl prior to analysis (Harris et al., 2001) . The data are corrected for drift and sample-size effects. δ 13 C is expressed in relation to Vienna PeeDee Belemnite (VPDB) and δ 15 N is expressed relative to atmospheric nitrogen (Meyers and Ishiwatari, 2003) . Analytical performance was assessed using internal standards that are regularly checked against certified reference materials; the standard deviation of all internal standards (n = 42) were ±0.38% for C, ±0.21‰ for δ 13 C, ±0.03% for N, and ±0.13‰ for δ 15 N.
Geochemical Composition
A Bruker Tiger S8, WD-XRF analyzer was used to determine the elemental concentrations of 20 major and trace elements: sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorous (P), sulfur (S), potassium (K), calcium (Ca), vanadium (V), titanium (Ti), manganese (Mn), iron (Fe), nickel (Ni), copper (Cu), zinc (Zn), bromine (Br), rubidium (Rb), strontium (Sr), zirconium (Zr), and barium (Ba). About 0.5 g of powdered sediment material was analyzed and evaluated using a calibration method specifically designed for lake sediments (Rydberg, 2014) . Lower limits of detection (LLD) range from a few ppm (parts per million) for trace elements to a few tens of ppm for major elements. Accuracy was assessed using 10 different certified reference materials (n = 5), and was within ±10% (or a few ppm) for all elements except S, which had an accuracy of about 20%. Precision, based on replicate measurements of Two-Boat Lake samples (n = 30) was always better than 5% (or ±1 ppm for elements present in low concentrations).
Statistical Analysis
Instead of interpreting every sediment variable individually, we used principal component analysis (PCA) to assess changes in the geochemical composition down through the sediment profile. The advantage of this approach, as compared to interpreting individual elements, is that the sediment is viewed as one unit where the covariation between different sediment variables is used to describe the main patterns in a few principal components (PCs; Rydberg and Martinez Cortizas, 2014) . Based on the patterns that are identified by the PCA, it is then possible to discuss these PCs in terms of drainage basin and lake processes based on previous knowledge about the geochemical behavior of different elements or groups of elements. For the full down-core geochemical data set for Two-Boat Lake please refer to the appendix.
The PCA was based on the following variables, C, δ 13 C, N, Na, Mg, Al, Si, P, S, K, Ca, Ti, V, Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, Zr, and Ba. δ 15 N was initially included in the PCA, but because of a communality (i.e., sum of all squared loadings) below 0.6 it was excluded in the final PCA. The samples of stratigraphic unit II (see further below) were also excluded from the PCA because they have a very different geochemical composition as compared to the other sections of the sediment record; PC-scores were passively assigned to these samples. Prior to the analysis, all values were converted to z-scores (average = 0, variance = 1). All PCs with eigenvalues >1 were extracted using a Varimax rotated solution (Kaiser, 1958) , which reduces the number of components used to explain each variable. Factor loading coefficients (loadings) were calculated as regression coefficients, which is analogous to r in Pearson correlations. For all PCs, variables with squared factor loadings less than 0.15 were considered to be nonrelated to that particular PC. The sediment accumulation rate (A.R.), bulk density (B.D.), Fe:S, Fe:Mn, and C:N ratios were not included in the PCA but were entered as passive variables in the loading plots according to their respective correlation to the extracted PCs. All statistical analyses were made using the IBM SPSS software package PASW 20 (http:// www.spss.com).
reSultS
Chronology of the Two-Boat Lake Sediment Profile
Unsupported 210 Pb was only present in the uppermost 5 cm of the core, and it displayed an exponential decline with depth (Fig. 3, part a) . The 210 Pb CRSmodel was found to be in agreement with the 137 Cspeak, which was found in the sample between 1 and 2 cm sediment depth (i.e., representing approximately 1995-1969; Fig. 3, part a) . The age of the four macrofossils were estimated to be 438 ± 49, 990 ± 41, 1258 ± 39, and 3093 ± 87 cal yr B.P. for 19, 29.5, 35.5, and 94.5 cm, respectively (Table 3) . By combining the 14 C and 210 Pb dates into a single age-depth model-which yielded an agreement index (A model ) of 93.0%-the deeper layers of the sediment core from Two-Boat Lake were dated to about 3100 cal. yr B.P. (Fig. 3, part b) . It is worth noting though that while the upper section (32-0 cm) of the sediment record is fairly well constrained with three 14 C dates and the 210 Pb chronology, the lower section (96-33 cm) relies on a single dating point at 91-90 cm sediment depth.
Sediment Geochemistry in Two-Boat Lake
The ~3200-year-long sediment sequence from Two-Boat Lake could be visually divided into two main stratigraphic units (Fig. 4) . The deeper unitthat is, unit I, 96-40 cm sediment depth or ~3170-1420 cal. yr B.P.-consisted of light, gray-brown material, while the upper unit-that is, unit III, 36-0 cm sediment depth or from ~1300 cal. yr B.P. to present-consisted of a much darker, red-brown material. The two units were separated by a ~4 cm section of grayish material that was overlain by a thin, distinct, clay layer designated as unit II. Based on smaller differences in appearance, units I and III were further divided into two subunits each. Units Ia is darker than unit Ib, while unit IIIa is lighter than unit IIIb (both unit Ia and Ib are lighter in color than units IIIa and IIIb). Black lamina is present in both units Ia and IIIb, but absent from Units Ib and IIIa. These visual differences between the stratigraphic units were also reflected in sediment accumulation rates (Fig. 4) . For unit I the average sediment accumulation rate was 0.26 g cm -2 yr -1 . On average, unit III had a lower sediment accumulation rate, 0.13 g cm -2 yr -1
, but for the period between 500 and 250 cal. yr B.P., the sediment accumulation rate was comparable to that of unit I.
The PCA extracted four PCs that together explained ~88% of the variation in the data set (for complete geochemical data for all analyzed sediment variables, please see the appendix). The first PC (PC-1) explained ~43% of the variance and Al, Si, Na, Ca, Ba, K, Sr, Ti, Rb, Mg, and Zr had positive loadings, while C, N, Br, and Zn loaded on the negative side of PC-1 (Fig. 5, part a) . The sediment accumulation rate (passive variable) also had a positive loading. There was a decrease in PC-1 scores between unit I and unit III, and the uppermost 10 cm of the sediment record had the lowest PC-1 scores (Fig. 4) . For the second PC (PC-2)-which explained ~18% of the total variance-Cu, Rb, Mg, Zn, Ni, and K had positive loadings, while Zr had a negative loading (Fig. 5, part a) . Here the downcore trend showed that sediments below 80 cm and between 10 and 20 cm had more negative loadings-that is, were enriched in Zr-as compared to other sediment sections (Fig. 4) . On the third PC (PC-3)-which explained ~15% of the variance-S, δ 13 C, Ti, and Sr had positive loadings while C:N ratio (passive) and P had negative loadings (Fig. 5,  part b) . The main down-core trend was that unit Ia had higher scores (i.e., more S and lower C:N ratios), while unit Ib and IIIa had low PC-3 scores and unit IIIb average scores (Fig. 4) . The fourth PC (PC-4) explained ~11% of the total variance, and the elements with the highest loadings were V, Ni, and Zn, which all had positive loadings (Fig. 5, part  b) . The down-core trend was characterized by a large degree of short-term variability, but sediment samples between 30 and 60 cm had a tendency to have slightly higher scores (Fig. 4) .
Geochemical Composition of Surface Sediments and Soil Samples
In addition to the investigation of the sediments of Two-Boat Lake, we also compared the elemental ratios between Zr:Rb, Zr:K, and Zr:Ti in surface sediments of the four additional lakes. The rationale for using those ratios was that both Rb and K plotted orthogonally to Zr on PC-2, and that Zr is known to be enriched in the coarse silt fraction as compared to Rb, K, and Ti. In other words, the Zr to Rb, K, and Ti ratios can be used as a coarse proxy for grain size (Taboada et al., 2006) . This comparison showed that the surface sediments of Two-Boat Lake and Lake K had higher Zr:Rb, Zr:K, and Zr:Ti ratios, and hence were more enriched in Zr, as compared to Lake A, Lake E, and Lake G, which are located farther from the ice front and from the source areas of eolian material (Table 4 ). Similar to the surface sediment samples, the Zr:Ti and Zr:Rb ratios were calculated for the three size fractions of each of the two soil samples, and the Zr concentration, as well as the Zr:Rb and Zr:Ti ratios, were higher in the 35-63 mm fraction for both samples (Table 5) .
dIScuSSIon And concluSIonS
The down-core fluctuations in the geochemical record from Two-Boat Lake reveal significant temporal variations in sediment accumulation, which with the aid of the principal components analysis can be discussed in terms of the main processes affecting sedimentation, and how these processes relate to the surrounding landscape.
Positive PC-1 scores indicate high concentrations of elements associated with silicate minerals (Deer et al., 1992) , while negative scores indicate high concentrations of elements associated with organic material (Fig. 5, part a) . Hence, PC-1 depicts differences in the relative amount of minerogenic versus organic material. However, even if the negative PC-1 scores showed that the concentration of C-and other elements related to organic material-were higher in unit III as compared to unit I, the higher sediment accumulation rate in unit I actually translates to a higher accumulation of organic material in unit I as compared to unit III (0.68, 0.61, 0.37, and 0.45 g C m -2 yr -1 for units Ia, Ib, IIIa, and IIIb, respectively; Fig. 4) . Hence, the driving factor behind the change to more organic sediments at ~1300 cal. yr B.P. was a decrease in the input of minerogenic material to the sediment rather than an increase in the input of organic material. It is important to recognize that the accumulation rates for unit I are uncertain and assume a linear sedimentation rate between 3093 and 1258 cal. yr B.P. It is therefore possible that the sedimentation rate have varied also within this stratigraphic unit; however, the low variability in sediment composition throughout the entire unit I suggests that there were no major changes in the sedimentation processes during this time period.
Several processes might lead to a reduced accumulation of mineral material in a lake sediment: decreased eolian input, decreased soil erosion, altered lake-water level affecting, for example, sediment fo- cusing, or the disappearance of an inflowing stream. For Two-Boat Lake a decreased eolian activity is less likely, because none of the records of regional eolian activity shows any long-lasting decrease that fits the temporal trend in Two-Boat Lake (Eisner et al., 1995; Willemse et al., 2003) . Soil erosion is primarily controlled by runoff and vegetation coverwhere the latter stabilizes the soil (Håkanson and Jansson, 1983; Koinig et al., 2003) -and neither of these are realistic in explaining the decreased accumulation of mineral material in Two-Boat Lake. First, there is no indication of decreased precipitation at ~1300 cal. yr B.P. in the precipitation reconstructions that exist for the area (McGowan et al., 2003) . Second, the macrofossil record from Lake SS16 (located ~26 km southeast of Two-Boat Lake) suggests a reduction rather than an increase in vegetation cover from around 1500 to 1800 cal. yr B.P. (Heggen et al., 2010) . It is possible that a change in the lake-water level can have affected the sedimentation patterns in the lake basin, thus resulting in decreased accumulation of mineral material in the center basin of Two-Boat Lake (Håkanson and Jansson, 1983) . Because Two-Boat Lake is a headwater lake without any permanent surface inflow, the lake-water level is largely controlled by the balance between precipitation and evaporation. Currently, the lake-water level is approximately 20 cm below the threshold of the outflow, and no surfacewater runoff from the lake has been observed since 2009. It is possible that Two-Boat Lake could have experienced significant lake-water level fluctuations in the past. However, there are no indications from other records that there was any major change in the water balance at ~1300 cal. yr B.P., which also makes changes in lake-water level a less likely explanation for the altered sediment accumulation rate in Two-Boat Lake (McGowan et al., 2003) .
This leaves the possibility that Two-Boat Lake previously had a surface inflow, which linked it to a larger drainage basin. Although it is impossible to determine if this had been the case for TwoBoat Lake from the present data, it is not unlikely that the hydrological flow paths have changed over time. The lake is situated less than 1 km from an active inland ice sheet that has rearranged the landscape as it has changed its position with time, for example, through catastrophic drainage of icedammed lakes (Tweed and Russell, 1999; Levy et al., 2012; Carrivick et al., 2013) . That the change in sediment accumulation is linked to an event, rather than a gradual change, is supported by the distinct, purely minerogenic, clay layer that separates unit I from unit III. One possible explanation for this clay layer is an input of glacial meltwater from the inland ice sheet (which contains high amounts of fine-grained mineral material). However, to determine the specific mechanism behind the formation of this layer would require further analysis of, for example, the sediments of other lakes in the region to determine the flow path from the ice sheet to Two-Boat Lake. Regretfully, it is also impossible to precisely determine the duration of this event due to the lack of macrofossils in the sediment immediately below unit II. The second PC separates Rb and K, which are enriched in fine silt and clay, from Zr, which is enriched in the coarse silt and fine sand fractions (Deer et al., 1992; Koinig et al., 2003; Taboada et al., 2006; Table 5 ). This indicates that PC-2 represents relative changes in the grain size of the mineral particles. A smaller grain size, that is, positive scores, would also result in a larger surface area of the sediment particles, and hence, larger adsorption capacities for trace elements such as Cu, Ni, Zn, and P to be adsorbed to the mineral particles (Stone and Droppo, 1996) . The periods with lower than average PC-2 scores-that is, around 3000 cal. yr B.P. and 500-250 cal. yr B.P.-correspond well with known periods with higher eolian activity in the Kangerlussuaq area ( Fig. 4 ; Eisner et al., 1995; Obrien et al., 1995; Willemse et al., 2003; Perren et al., 2012) . A higher eolian activity suggests a larger transport of silt-sized mineral particles, which are enriched in Zr and depleted in Rb, Cu, Ni, and Zn (Koinig et al., 2003; Taboada et al., 2006 ). An enrichment in the coarse silt fraction is also supported by the soil samples from Sandflugtdalen (i.e., the most likely primary source area for eolian material in this area) and an eolian deposit found at Two-Boat Lake, where both Zr:Rb and Zr:Ti ratios were higher in the 35-63 μm silt-sized fraction. This higher input of silt-sized mineral particles could come about either as a result of higher wind speeds or-more likely-a larger availability for this type of material, for instance, because of a lake being closer to the primary source areas for silt-size mineral particles-in this case, the glacial outwash plains of Sandflugtdalen (Bullard and Austin, 2011) .
Positive PC-3 scores indicate higher concentrations of S and a lower C:N ratio, while negative scores indicate higher P concentrations and higher C:N ratios. The most likely interpretation is that PC-3 represents the redox conditions in the bottom waters, where less oxygen in the bottom waters would favor the incorporation of S as sulfides in the sediment (Holmer and Storkholm, 2001; Leng et al., 2012) . For P, the opposite behavior would be expected, with oxic conditions favoring incorporation of P bound to iron hydroxides and oxyhydroxides, and anoxic or hypoxic conditions resulting in dissolution of iron hydroxides and a release of P to the water column (Davison, 1993; Hupfer and Lewandowski, 2008) . This interpretation would also fit with the down-core variation in PC-3 scores where positive scores are mainly associated with unit Ia, but also to some extent with unit IIIb (Fig. 4) . Both these stratigraphic units have a darker color and a higher frequency of black laminae as compared to unit Ib and IIIa, which indicate a higher presence of sulfide minerals and limited bioturbation, which is consistent with anoxic conditions (Shchukarev et al., 2008) . In unit Ia there is also remnants of pigments from bacteria living under anoxic or hypoxic conditions (unpublished data). High PC-3 scores are also associated with lower C:N ratios, which often is interpreted as a sign of higher algal production (Meyers, 2003) . This would also fit with the interpretation that PC-3 indicates more hypoxic conditions, because a higher autochthonous production would likely lead to a higher oxygen demand, and lower oxygen concentrations, due to more organic matter degradation in bottom waters (Wetzel, 2001) . Even if the presentday bottom waters of Two-Boat Lake (Lake SS903) are reported to be oxic by Sobek et al. (2014) , in situ oxygen profiles measured within the GRASPproject show that the bottom waters often have low oxygen saturation during summer-5.4, 5.9, and 9.2 mg L -1 in August of 2011, 2012, and 2013, respectively-and hypoxic conditions during late winter-1.3, 1.8, and 3.6 mg L -1 in April of 2011, 2013, and 2014, respectively. The fourth PC explains the lowest amount of total variance (11%), and it is also the one displaying the most erratic temporal trend (Fig. 4) . From the available data, it is not possible to discuss the cause behind the variations in V, Ni, and Zn. One possible explanation could be that there is a slight variation in the mineral composition in the minerogenic material that enters the lake, but it can also be linked to analytical uncertainty.
The Effect of Distance to the Ice Front
The surface sediments of Two-Boat Lake and Lake K, located within 1-2 km from the front of the ice sheet, have higher Zr:Rb, Zr:K, and Zr:Ti ratios as compared to the surface sediments of Lake A, Lake E, and Lake G, which are located 37-48 km from the front of the ice sheet (Table 4 ). This strengthens the interpretation from the down-core Two-Boat Lake record that an enrichment in Zr is caused by an increased eolian activity, because Two-Boat Lake and Lake K are located closer to the source areas for eolian material as compared to Lakes A, E, and G (Fig. 1) . For example, in Two-Boat Lake the PC-2 scores (i.e., coarse-vs. fine-grained material) indicate a lower eolian activity between 2200-600 cal. yr B.P. followed by a period with a higher input of silt-sized minerogenic material from around 500 cal. yr B.P. This could be a sign of a less windy climate for the period between 2200 and 600 cal. yr B.P., and that the wind strengths increased from around 500 cal. yr B.P. (Willemse et al., 2003) . However, lower input of silt could also be interpreted as being a result of the ice front being further inland during the period 2200-600 cal. yr B.P. (Willemse et al., 2003) , and that the eolian input of silt-sized minerogenic particles to Two-Boat Lake increased again when the ice front returned to its current location. Hence, caution is needed when using proxies for eolian activity-or any other geochemical proxy-to derive information about the climate, because eolian activity is not strictly a climatic signal. It is also important to recognize that the local geology and sedimenting environment of individual lakes have an influence on the Zr:Rb, Zr:K, and Zr:Ti ratios in the sediment, and it is therefore necessary to not rely on a single proxy. This can, for example, be seen in Lake K, where there is no difference in Zr:Rb ratio as compared to Lakes A, E, and G, but where the Zr:K and Zr:Ti ratios are considerably higher.
Possible Implications of a High Eolian Input to Lake Ecosystems
Even if the most pronounced effects of eolian transport are seen in the area close to the source areas in front of the ice sheet, lakes farther away from the ice sheet also will receive eolian input (Dijkmans and Törnqvist, 1991; Bullard and Austin, 2011) . From the many wind-erosion scars that are present in the landscape, it is also evident that some redistribution of previously deposited material occurs (Dijkmans and Törnqvist, 1991) . Together with many other studies, and the fact that a significant part of the top soils in the Kangerlussuaq area consist of eolian loess, this study shows that eolian activity is an important transport mechanism for mineral material to lakes in this proglacial environment (Eisner et al., 1995; Olsen et al., 2012; Perren et al., 2012) . This implies two things. First, it highlights that the catchment area of a lake extends beyond the boundaries of the drainage basin, and that in dry landscapes with large supply of silt-sized mineral particles (e.g., proglacial landscapes), this input can contribute significantly to the mass balance of the lake. Second, because a part of the material supplied through eolian transport comes from the glacial outwash plains-which consists of fresh, largely unweathered mineral grains rich in base cations (White et al., 1999; Milner et al., 2007; Klaminder et al., 2011 )-this input could have implications for the lake-water chemistry and potentially also the autochthonous productivity (Psenner, 1999) . This hypothesis is supported by the data from two previous studies conducted in the area around Kangerlussuaq.
First, Perren et al. (2012) showed that there is a long-term trend of slow acidification due to soil development observed in several lakes in the Kangerlussuaq area. However, for the two lakes closest to the ice front, Lake SS32 and Lake SS16, pH is increasing during the most recent 500 years, that is, the period with increased eolian input of presumably fresh minerogenic material in Two-Boat Lake. This increase could be caused by other factors such as increased autochthonous production due to a warmer climate or increased N-deposition (Hobbs et al., 2010) ; however, the timing of the increase well predates the 20th century increases in temperature and N-deposition, and coincides with the increase in eolian activity starting about 500 cal. yr B.P. (Eisner et al., 1995; Willemse et al., 2003) . Second, Anderson et al. (2001) and Ryves et al. (2002) report that lakes close to the ice front tend to have higher pH and alkalinity as compared to lakes closer to the coast. The main factor for these patterns is likely-as discussed in both studies-a combination of a higher evaporation rates and younger, less weathered and more minerogenic soils in the inland areas as compared to soils closer to the coast. However, studies on lake development from Glacier Bay, Alaska, have shown that the effect of fresh catchment soils declines already after 500-1000 years (Engstrom et al., 2000) , and in the Kangerlussuaq region even the lakes closest to the ice front, like Two-Boat Lake, are in excess of 3000 years. This indicates that there is an additional factor that contributes to the observed spatial pattern in pH and alkalinity. We therefore suggest that the influx of eolian material could contribute to sustained elevated pH and alkalinity in the lakes closer to the front of the ice sheet (Psenner, 1999) . However, to determine more precisely how eolian inputs influence lake-water chemistry would require a study-design including a monitoring program.
concluSIonS
The most pronounced variations in the downcore sediment record from Two-Boat Lake were changes in the ratio between organic and mineral material. These variations can partly be attributed to variations in the eolian input of particulate material to Two-Boat Lake, which result in variations in the composition of the minerogenic fraction. Some of the eolian material originates from soil erosion within the lake's catchment, but the main source is likely the glacier outwash plains located close to the lake. Furthermore, our study suggests that eolian input is higher close in lakes to the inland ice sheet, mainly due to a greater availability of material that can readily be transported by wind. We also speculate that this input of eolian material has an effect on lake-water chemistry because the fresh, un-weathered material can result in a higher pH and alkalinity as compared to lakes not receiving less or no inputs of eolian material. Together this implies that eolian transport needs to be considered, for example, when calculating mass balances for lake-catchment ecosystems in dry proglacial landscapes.
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TABLE A1
The full geochemical data set from Two-Boat Lake. 
